Abstract: 1D α-hematite nanorods synthesized by a simple, scalable and novel green chemistry method exhibit fast kinetics of the interfacial Faradaic redox reaction yielding a specific capacitance of 140 F·g −1 when used as a batterytype electrode in a supercapacitor. Ample supply and environmental compatibility of the raw material suggest the use of this material. Insufficient stability suggest further investigations.
Introduction
Green chemistry routes to one-dimensional (1D) iron oxidebased nanomaterials are attractive because of their low environmental impact and the superior physicochemical properties of the products compared to two-dimensional (2D) and three-dimensional (3D) iron oxide nanoparticles. 1D iron oxides are categorized into nanorods, nanotubes, nanoneedles, nanofibers and nanowires. Nanostructuring of active masses as electrode materials of batteries and supercapacitors has been suggested frequently because of beneficial effects of nanostructuring on material performance [1] [2] [3] [4] . Because of the large resources and in particular its environmental compatibility iron and its compounds are attractive materials for electrodes in devices for electrochemical energy conversion [5] [6] [7] [8] [9] . The polymorphs of iron oxides are hematite Because of its ample supply and environmental compatibility iron and its oxide have been considered very early as active masses for batteries
The number of reports on iron-containing (mostly iron oxides and hydroxides) supercapacitor electrode materials is substantial (until 03/2019 about 900), but only few studies of hematite (α-Fe 2 O 3 ) mostly employing this material in the negative electrode as implied in the overview provided by Qu et al. [10] cycles.
Expecting potential advantages of a 1D-structured hematite, we have examined 1D-nanorods of hematite for the first time in the study reported here. A report on the green synthesis and extensive characterization of the material examined here has been provided elsewhere [36] .
Experimental

Chemicals and reagents
All chemicals used in this research were of analytical grade. Potassium hydroxide (Grüssing) were purchased from Merck, Darmstadt, Germany. Electrolyte solutions were prepared with ultrapure 18 MΩ water (Seralpur Pro 90 C). Acetylene black and poly(tetrafluoroethylene) (PTFE, 60 wt% dispersion in H 2 O) were purchased from Shanghai Haohua Chemical and Industrial Co., Ltd and SigmaAldrich, respectively. Hematite nanorods were prepared elsewhere with all details including experimental ones reported [36] .
Electrochemical tests
The working electrode was prepared as follows. A mushy mixture composed of hematite nanorods, acetylene black, and PTFE with a weight ratio of 7:2:1 dispersed in ethanol was prepared and pressed into a thin film. This was finally punched into small disks with a diameter of 10 mm. 
Results and discussion
Material characterization
Rice starch acting as soft template in the fabrication process of the α-hematite nanorods was added at different percentages 0, 5, 10, 15 and 20% in solution. Corresponding SEM images are displayed in Figure 1A -E. They clearly show that starch played a crucial role in the growth of the nanorods. In the absence of starch, the initially formed Fe(OH) 3 gel yielded neither nanorods nor nanoparticles but lumps of iron (III) oxide moieties instead ( Figure 1A ). Already with 5% starch solution rod formation was observed ( Figure 1B-E) . To identfiy any effect of the starch content in solution on size, shape and surface morphology of the nanorods, the percentage of starch solution was increased. The size of the nanorods at 250 nm and 50 nm in length and diamete stayed approximately the same at all concentrations ( Figure 1B-E) . Surface appearance of the nanorods slightly changed from rough to smooth with the percentage of starch solution up to 15%, no further change was found at 20%. 15% starch cncentration was selected for the synthesis of the hematite nanorods for further study. The EDX data ( Figure 1F) showed that only iron, oxygen and carbon were present in the hematite nanorods and their percentages of atoms were found to be 11.92, 59.17 and 28.91, respectively. The carbon may be left from the starch that was used as a soft template for the nanorod growth. 
Electrochemical results
The CV of the hematite electrode at dE/dt = 5 mV·s −1 is shown in Figure 1a , one couple of redox peaks is clearly observed. The reduction peak at −1.1V is due to the electrochemical reduction of Fe 3+ to Fe 2+ , while the oxidation peak is caused by the oxidation of Fe 2+ into Fe 3+ .
The appearance of such distinct redox peaks signals the battery electrode-like nature of hematite. For comparison the CV of the stainless steel mesh used as support is displayed in Figure 1a . It shows a redox couply typical of the iron dminating the chemical composition f the steel al- [38] . In addition, the CV of the hematite sample studied here is very similar to that of previously prepared FeOOH, which is transformed into Fe 3 O 4 after electrochemical cycling in the anodic potential range 0 < E SCE < −1.3 V [10] .
As the scan rate increases from 10 to 100 mV·s −1 , the CVs shown in Figure 1b are obtained. The anodic peaks of hematite can be observed clearly even at the fast scan rate of 100 mV·s −1 , indicating quite fast kinetics of the superficial redox reactions. The potential difference between the anodic and cathodic peaks in the CVs slightly increases owing to the increased polarization of the electrode reactions at faster scan rates. The galvanostatic charge/discharge curves at j = [30] . The lower capacitance and fast capacity decay of hematite nanorods studied here may result from their low electronic conductance as well as the poor structural stability. Accordingly incorporation of other carbon materials into the synthesis of hematite and/or coating of the nanorods with carbon or an intrinsically conducting polymer (see [43, 44] ), which is expected to enhance electronic conductance and structural stability possibly improving performance and longtime behavior, is under study now.
Conclusions
1D hematite nanorods were prepared by a green method and examined as active negative electrode mass for an aqueous supercapacitor. They provided a specific capacitance of 140 F·g −1 at j = 1 A·g −1 showing insufficient cycling stability.
